We identified and sequenced a segment of Chlamydia trachomatis chromosomal DNA that shows homology to the Escherichia coli spc and distal region of the S10 ribosomal protein (r-protein) operons. Its sequence revealed a high degree of nucleotide and operon context conservation with the E. coli r-protein genes. The C. trachomatis spc operon contains the r-protein genes for L14, L24, L5, S8, L6, L18, S5, L15, and Sec Y along with the genes for r-proteins L16, L29, and S17 of the S10 operon. The two operons are separated by a 16-bp intragenic region which contains no transcription signals. However, a putative promoter for the transcription of the spc operon was found 162 nucleotides upstream of the CtrL14e start site; it revealed significant homology to the E. coli consensus promoter sequences. Interestingly, our results indicate the absence of any structure resembling an EcoS8 regulatory target site on C. trachomatis spc mRNA in spite of significant amino acid identity between E. coli and C. trachomatis r-proteins. Also, the intrinsic aminoglycoside resistance in C. trachomatis is unlikely to be mediated by CtrL6e since E. coli expressing CtrL6e remained susceptible to gentamicin (MIC < 0.5 ,ug/ml).
We identified and sequenced a segment of Chlamydia trachomatis chromosomal DNA that shows homology to the Escherichia coli spc and distal region of the S10 ribosomal protein (r-protein) operons. Its sequence revealed a high degree of nucleotide and operon context conservation with the E. coli r-protein genes. The C. trachomatis spc operon contains the r-protein genes for L14, L24, L5, S8, L6, L18, S5, L15, and Sec Y along with the genes for r-proteins L16, L29, and S17 of the S10 operon. The two operons are separated by a 16-bp intragenic region which contains no transcription signals. However, a putative promoter for the transcription of the spc operon was found 162 nucleotides upstream of the CtrL14e start site; it revealed significant homology to the E. coli consensus promoter sequences. Interestingly, our results indicate the absence of any structure resembling an EcoS8 regulatory target site on C. trachomatis spc mRNA in spite of significant amino acid identity between E. coli and C. trachomatis r-proteins. Also, the intrinsic aminoglycoside resistance in C. trachomatis is unlikely to be mediated by CtrL6e since E. coli expressing CtrL6e remained susceptible to gentamicin (MIC < 0.5 ,ug/ml).
Chlamydia trachomatis infections represent major public health problems in both developing and industrialized countries (30) . Chlamydia species have evolved a complex and unique developmental cycle which involves two distinct forms: the small (0.2 to 0.3 ,um) extracellular, rigid elementary bodies and the large (1 ,um) intracellular, fragile reticulate bodies (44) . The genetics of chlamydial regulation is largely undefined, mainly because of the lack of any convenient system for gene transfer and also because of the paucity of information about the signals and machinery that govern gene expression.
Ribosomes constitute the protein-synthesizing machinery of both prokaryotes and eukaryotes. The entire prokaryotic ribosome comprises three rRNAs with sedimentation coefficients of 23S, 16S, and 5S and approximately 52 ribosomal proteins (r-proteins) that are organized into 19 different operons (26, 33) . Earlier attempts at characterizing the rRNA from Chlamydia species have met with some success. Tamura and Iwanaga (42) identified 21S, 16S, and 4S rRNA fractions in Chlamydia psittaci; of these, 21S and 16S were more predominant forms in reticulate bodies, whereas 4S predominated in the elementary bodies. Sarov and Becker found similar rRNA species in C. trachomatis (39) . On the basis of their 16S rRNA gene sequence, chlamydiae have been identified as eubacterial in origin, related peripherally to planctomyces (45) . Although a few other ribosomal determinants have been identified, r-protein gene organization and expression have not been well characterized (7-10, 20, 21) . Interestingly, the organization and transcriptional regulation of r-protein operons appear to be well conserved among eubacteria; however, their regulation among evolutionary distant species remains unelucidated (15) .
Recently, we reported the cloning and sequencing of the r-protein CtrL6e from C. trachomatis, which is structurally and functionally homologous to Escherichia coli r-protein EcoL6 (13 (6, 31) . In Bacillus subtilis and Thennus aquaticus, however, no structure resembling an S8 translational repressor has been identified, suggesting some different mechanism of transcriptional regulation (15, 18) . Immediately upstream of the spc operon in E. coli lies the S10 operon, which sequentially encodes EcoS10, EcoL3, EcoL4, EcoL23, EcoL22, EcoS19, EcoS3, EcoL16, EcoL29, and EcoS17 (33) . A 162-bp spacer between these two operons contains the transcription termination and initiation sequences. However, in Mycoplasma capricolum, the spacer is only 15 bp and does not include transcription termination signals (34) . Also, there is no space to accommodate intragenic promoters in T. aquaticus (1) and Methanococcus vannielii (2) .
In this article, we report the cloning and sequence analysis of the C. trachomatis spc operon along with the distal region of the S10 operon.
MATERIALS AND METHODS
Bacterial strains. C. trachomatis serovar L2 (L2/434/Bu) was grown in HeLa 229 cells as described previously (22) . Elementary bodies were harvested at 48 h by centrifugation and purified as reported earlier (13) . E. coli DH5otF' (46) was used as a host for M13mpl8 and M13mpl9 (47) . NM522 (12) , and BNN103 (17) were used as hosts for pUC (47) plasmids. These cells were made competent for transformation or transfection essentially according to the method of Hanahan (14) .
DNA manipulations. Chromosomal DNA was isolated from purified elementary bodies (13) . Plasmid and bacteriophage replicative-form DNA isolation, ligation, and transformations of E. coli strains were done as described previously (13 
RESULTS
Cloning of the C. trachomatis spc operon DNA. We previously isolated a 3.2-kb Sacl fragment designated pCTJS1 from a C. trachomatis gene library that encoded the r-protein CtrL6e (13) . The DNA sequence of an internal 1.2-kb XbaI-HindIII fragment designated pCTJS8 revealed the presence of genes for proteins that are homologous to EcoS8 and EcoL18 flanking the CtrL6e. This is reminiscent of the spc operon genes in E. coli. Consequently, we determined the sequence of the whole 3.2-kb Sacl fragment of pCTJS1. DNA sequence analysis of the HindIII-SacI fragment adjacent to the previously sequenced HindIII site (from plasmid pCTJS8) revealed that this region corresponded to the carboxy terminus of CtrL18e (13) . In order to extend the sequence to cover the entire spc region, overlapping DNA fragments were generated through successive subcloning and hybridizations by using appropriate DNA fragments as probes. A restriction map sequencing strategy and gene organization of this C. trachomatis r-protein gene cluster are shown in Fig. 1 .
Sequence analysis and gene organization. The DNA sequence as determined on both strands of the entire 5-kb region is shown in Fig. 2 , together with the predicted amino acid sequences of the encoded proteins. The protein-coding regions were identified by comparison with E. coli r-protein gene sequences by using the FASTP program (27) . All putative r-protein genes in this cluster initiated with ATG codons and terminated with either TAG or TAA termination codons. Also, the intragenic regions in this gene cluster differ from one another in both length and sequence.
The organization of r-protein genes in C. trachomatis appears similar to that of the S10 and spc operons of E. coli except for the absence of r-proteins CtrS14e and CtrL30e in C. trachomatis. The gene order in the cluster was found to be CtrL16e, CtrL29e, CtrS17e, CtrL14e, CtrL24e, CtrL5e, CtrL8, CtrL6e, CtrL18e, CtrSSe, and CtrLl5e. Further sequencing downstream from the CtrLl5e gene revealed an ORF whose partial amino acid sequence was similar to that of the Sec Y protein involved in export pathway. The first three genes at the 5' end in this cluster are very similar to the last three genes of the S10 operon. A 16-bp intragenic region between the end of the CtrS17e coding sequence (SlO operon) and the beginning of the CtrL14e coding sequence (spc operon) was found and did not include any apparent transcription termination sequences. Two of the intragenic regions between genes for CtrL29e and CtrS17e and CtrSSe and CtrLl5e have overlapping translational stop and start codons.
Analysis of the deduced amino acid sequence of r-proteins. Alignments of the amino acid sequences of the 11 r-proteins of the S10 operon and the spc gene cluster from C. trachomatis and E. coli, respectively, are shown in Fig. 3 . The percent sequence identity varies from 57% for CtrL14e to 28% for CtrL29e and CtrL24e. Consideration of conservative substitution raises the homology to 77% for CtrL18e and approximately 50% for CtrS8e. In the case of CtrL18e, the homology was more marked toward its carboxy-terminal region. Table 1 shows a comparison of the total numbers of amino acid residues of each protein from C. trachomatis and E. coli. With the exception of CtrL5e, which is 24 amino acid residues short, no significant differences were observed among other r-proteins. Transcription and promoter studies. To study the temporal regulation of the spc and S10 operon gene transcripts, total cellular RNA was isolated from C. trachomatis-infected HeLa cells at 21 and 36 h postinfection and Northern blotted by using a 32P-labeled 0.8-kb HindIII probe. This fragment encodes the genes for r-protein CtrS5e and part of CtrL18e and CtrLl5e. Only one transcript, approximately 5 kb, was observed at both time points (data not shown). To precisely locate the transcription start site of the spc operon, we analyzed the product of primer extension experiments by using a 19-mer synthetic oligonucleotide. The transcript initiated at a cytosine residue 162 nucleotides upstream of the CtrL14e start site, the first gene of the spc operon (Fig.  4) . This cytosine residue is designated as + 1 in the sequence. We arbitrarily chose the cytosine instead of thymidine as the probable start site since there appears to be no difference in the intensity of bands corresponding to two initiation sites. Inspection of the sequence upstream of the transcription start site identified -10 (TATACT) and -35 (CTGTTG) sequences within r-protein CtrS17e, which represents the end of S10 operon.
Expression and analysis of recombinant proteins. Recombinants containing fragments of interest from this C. trachomatis r-protein gene cluster were constructed by subcloning in the vector pUC18; construction was followed by analysis of their protein profiles. The recombinants designated pC-TRK1, pCTRK2, pCTJS8 (13) , and pCTRK3, which encode genes for r-proteins CtrS8e, CtrL5e, CtrL6e and CtrS5e, respectively, were transformed into E. coli NM522. The cells were harvested, and extracted proteins were resolved by SDS-15% PAGE. Figure 5 shows the expression of CtrL6e and CtrL5e gene products after induction with IPTG.
The molecular masses of these proteins as determined by SDS-PAGE were calculated to be 23,000 and 17,000 Da, respectively. Surprisingly, no toxicity of heterologous gene products was observed in E. coli. In contrast, cells harboring pCTRK1 and pCTRK3 did not grow well and no additional gene products were visualized compared with E. coli cells harboring vector alone. Subsequently, cells harboring the recombinant plasmid pCTJS8 encoding 23-kDa CtrL6e were tested for susceptibility to gentamicin, an aminoglycoside antibiotic. Both the recombinant strain and E. coli containing only pUC18 were highly susceptible to gentamicin; the MICs for each were <0.5 ,ug/ml. 
The complete gene sequence of the C. trachomatis S10-spc operon region. The predicted amino acid sequence for each gene is given in single-letter code below the DNA sequence, and the ORF borders are indicated below the amino acid sequence. The dashes represent the stop codons. The sequence for nucleotides 2029 to 3222 was reported previously (13) . The numbers to the right of each row refer to nucleotide positions.
DISCUSSION
We have characterized a 5-kb region of the C. trachomatis genome that is comparable to the promoter proximal region of the E. coli spc r-protein operon (5) . Our results indicate a high degree of conservation among r-protein structure and organization despite the evolutionary distance between E. coli and C. trachomatis (32, 35, 45) . The C. trachomatis spc operon contains the r-protein genes for CtrL14e, CtrL24e, CtrL5e, CtrS8e, CtrL6e, CtrL18e, CtrS5e, and CtrL15e as well as Sec Y, along with the adjacent genes for r-proteins CtrL16e, CtrL29e, and CtrS17e. The 5' region of this gene cluster is also similar to the last three genes of E. coli S10 operon, which precedes the spc operon (49) . This similarity suggests that basic organization of the gene cluster was established before divergence of C. trachomatis and E. coli in evolution. This hypothesis is consistent with the presence of overlapping translational stop and start codons in two of the intragenic regions in C. trachomatis compared with three overlapping regions in E. coli (5, 49) and four in the M. capricolum spc r-protein gene cluster (34) . Surprisingly, there are no stop or start codons in the archaebacterium M. vannielii despite strong conservation among spc r-protein gene clusters with respect to gene composition and organization (2). In chlamydiae, however, the genes for CtrS14e and CtrL30e are absent from this gene cluster. Whether these two genes are located in a separate region of the chromosome or were lost completely during evolution is not clear from this study. On the basis of the evidence that EcoS14 and Bacillus stearothermophilus BstS14e are essential for in vitro reconstitution of functionally active 30S subunits (16) , it is tempting to anticipate that the CtrS14e gene is located distantly in the chromosome. However, the gene homolog for EcoL30 is also absent in M. capricolum (34) . There is nearly 75% bias toward A and U in position 3 of codons in the cluster. This codon usage pattern is similar to one reported earlier by us (13) and is different from those in E. coli (49%) and M. capricolum (91%). The overall calculated A+T contents of the genes in the cluster among C. trachomatis, E. coli, and M. capricolum are 60, 48, and 69%, respectively. These percents are consistent with the calculated averages for the whole genomes.
In E. coli there is a 162-bp intragenic region between EcoS17, the last gene of S10 operon, and EcoL14, the first gene of the spc operon (5) . This space contains rho-independent termination signals for the upstream S10 operon as well as promoters and initiation signals for the downstream spc operon (24 (1, 2, 18 ). Northern blot analysis was used to evaluate whether chlamydial spc and S10 operons are transcribed as single or separate transcriptional units. While an -5-kb transcript hybridized to probes from spc operon genes, a different transcript size was obtained when an identical blot was hybridized to S10 operon genes (unpublished data), supporting independent transcription of the spc and S10 regions. Further evidence for the presence of an internal promoter regulating the spc operon was obtained by analysis of the transcription initiation site by using the primer extension technique. The apparent promoter shows some similarities to the E. coli consensus promoter sequence recognizing the &0 subunit of RNA polymerase (36) . The -10 sequence shows identity among 5 of 6 positions, while the -35 region reveals identity among 2 of 6 positions and includes a highly conserved TTG sequence at its 5' end rather than the conventional 3' end of the -35 region. The lack of homology among the various promoter regions in chlamydiae has made it difficult to define a consensus promoterlike sequence in this organism and also accounts for its failure to initiate any efficient transcription in E. coli (38, 41) . The ability of the chlamydial spc operon promoter, along with the promoters for other recently identified genes, to transcribe in an E. coli system is currently being studied.
The synthesis of r-proteins in prokaryotes is tightly coordinated and stoichiometrically balanced with the assembly of mature ribosomes (25, 26, 33, 49) . Such a coordinated regulation is mediated by the autogenous feedback mechanism whereby certain r-proteins, when unbound by rRNA, prevent the translation of their own mRNA (11, 48) . However, the mechanism of transcriptional regulation differs among E. coli r-protein operons (24) (25) (26) . Recently, one group reported the regulation of spc operon r-genes by translational coupling in which the product of EcoS8 gene binds to the spc operon mRNA near the beginning of EcoL5, leading to repression of EcoL5 translation and subsequently the downstream spc operon (31) . The same group (15), however, failed to observe similar structures in the B. subtilis gene cluster, prompting them to speculate that the translational feedback regulation system for control of r-protein gene expression is fairly recent in evolution. Our own searches in and around CtrLSe protein-coding sequence of the mRNA that would form a structure similar to the EcoS8 target site failed to identify one. These studies suggest the existence of an alternate pathway for spc operon autoregulation in chlamydiae. Similar observations have been made for T. aquaticus (18) .
Overproduction of some r-proteins in E. coli can lead to host toxicity or cell death because of the imbalance in stoichiometry of ribosome synthesis or autogenous regulation. As discussed, the endogenous r-protein genes are subject to feedback inhibition to minimize any reduction in ribosome activity. Recently, we reported the substitution of CtrL6e into E. coli ribosomes without any deleterious effect despite its overproduction (13) . To (3) . These studies prompted us to look for such a situation with CtrL6e, the chlamydial EcoL6 homolog. E. coli harboring the recombinant pCTJS8 encoding CtrL6e were highly susceptible to gentamicin, suggesting that the intrinsic aminoglycoside-resistant locus in C. trachomatis is located at some other place in the genome. Alternatively, the resistance could be ascribed simply to aminoglycoside impermeation of elementary bodies because of their highly disulfidelinked outer membrane and a protective intracellular host environment which reticulate bodies inhabit.
Efforts to understand the mechanism of operon regulation in chlamydiae, especially its transcription and termination signals, are under way. We are currently studying the effect of overexpressed proteins in an in vitro transcription-translation system in order to look for specific repressor molecules. These studies will be helpful in understanding the mechanisms of ribosome stoichiometry.
